Adoptive T-cell therapy using T-cell receptor (TCR)-engineered lymphocytes has great potential for treatment of patients with advanced cancer. The potential of adoptive T cells to cure cancer is best seen with donor lymphocyte infusions (DLIs) to leukemic patients undergoing allogeneic hematopoietic stem cell transplantation (HSCT) and with the transfer of tumor-infiltrating lymphocytes in patients affected by solid tumors. In both these settings, the T-cell specificities that cause tumor rejection are not fully defined, since T-cell mixtures are most frequently used. This is not the case in TCR gene therapy, a situation in which the TCR specificity must be optimally matched to tumor antigens, as the clinical success of this approach critically depends on tumor antigen recognition. To date, clinical trials have used the TCR of patient-derived cells that were previously described and readily available. In addition, alterations have been introduced to augment the TCR affinity. [1] [2] [3] The selection of target tumor antigens is of pivotal importance since the transfer of high-avidity T cells has the potential to cause dangerous on-as well as off-target toxicity. [1] [2] [3] In this setting, antigen selection can be guided by candidates ranked for use in cancer vaccines, 4 since the common goal of adoptive T-cell transfer and vaccination is an antitumor T-cell response of maximum efficacy and minimal toxicity. Here, we emphasize two additional characteristics that should be heeded during antigen selection for TCR gene therapy that are currently not included in the NCI taskforce evaluation. 4 These two new parameters are based on a study evaluating survivin as a universal cancer antigen 5 as well as on our more recent findings on hyaluronan-mediated motility receptor (HMMR, also known as Rhamm) as a candidate antigen for the immunotherapy of leukemia. 6 We developed a dendritic cell (DC)-based priming method to obtain high affinity allo-MHC-restricted TCRs recognizing peptides derived from different tumor-associated antigens. 7 As a first example, we derived numerous self-MHC-and allo-MHC-restricted cytotoxic T lymphocytes (CTLs) specific against tyrosinase. 8 As expected, allo-restricted clones showed greater peptide sensitivity and superior function, both as original clones and after TCR transfer into recipient lymphocytes, than self-restricted CTLs. 8, 9 Surprisingly, when survivin was substituted as the priming antigen, DC priming failed to yield self-MHC-restricted CTLs. 5 In contrast, many allo-restricted peptidespecific CTL clones were obtained that recognized a survivin-derived peptide in association with HLA-A2. When the TCR of high avidity CTLs was transferred into the clinical use of lymphocytes engineered to express high affinity t-cell receptors (tCrs) specific for two broadly expressed tumor-associated antigens is strongly limited by MhC-restricted fratricide of lymphocytes and tCr-mediated killing of hematopoietic stem cells. specific clinical applications must therefore be conceived to bypass these limitations.
allow for self-destruction. 5 Since MHCrestricted fratricide strongly limits the clinical usefulness of a specific TCR, antigen expression in activated lymphocytes needs to be excluded when target candidates are selected for TCR gene therapy.
HMMR (CD168) is considered to be a good target for the treatment of leukemia, in particular acute myeloid leukemia (AML). 10 Low levels of the HMMR mRNA as found in normal HSCs have been considered to be inconsequential when compared with the very high levels detected in AML blasts. We isolated allo-restricted HMMR-specific CTLs and studied TCR-engineered lymphocytes for their capacity to specifically recognize tumor cells in vitro and to retard the outgrowth of AML cells in vivo in a humanized mouse model. 6 The results indicate that this TCR would be well suited for the immunotherapy of AML.
Driven by the low levels of HMMR mRNA detected in HSCs, we examined whether the pre-culture of healthy CD34 + HSCs with TCR-engineered lymphocytes would disturb myeloid-derived colony formation in vitro. Indeed, inhibition of colony formation occurred but only when HSCs were obtained from HLA-A2 + donors, demonstrating that this toxicity was MHC-restricted. We then assessed the myeloreconstitution capacity of HSCs obtained from HLA-A2-transgenic mice and exposed to HMMR-specific TCRengineered lymphocytes before adoptive transfer into lethally irradiated syngeneic mice. HSCs exposed to HMMR-specific TCR-engineered lymphocytes failed to reconstitute irradiated animals. These results demonstrate that a potent TCR can efficiently recognize low levels of antigen expressed by HSCs and cause life-threatening on-target toxicity. Thus, antigen expression by HSCs must also be considered during the selection of tumor antigens for TCR gene therapy.
Both MHC-restricted fratricide and TCR-mediated HSC toxicity became apparent when recipient lymphocytes were engineered to express high affinity TCRs. Thus, increases in TCR affinity that allow for a better recognition of tumor cells may shift the balance toward a dangerous toxicity for normal cells, as previously reported for other antigens in clinical studies. 3 MHC-restricted fratricide, since apoptosis occurred only in HLA-A2 + recipient cells. Lymphocyte apoptosis correlated with presence of the survivin mRNA in peripheral blood lymphocytes (PBLs) and CTLs, making them direct targets for highaffinity survivin-specific TCR-expressing lymphocytes. Based on these results, the overexpression of multiple antigens was assessed in activated PBLs and several candidates were identified that may also recipient lymphocytes, they efficiently killed HLA-A2 + survivin + tumor cells. For gene therapy, a survivin-specific TCR would be expressed in lymphocytes of an HLA-A2 + patient enabling autologous tumor cells to be killed. Unexpectedly, when HLA-A2-restricted survivin-specific TCR were transferred into HLA-A2 + recipient lymphocytes, CTLs failed to expand because of extensive apoptosis. Lymphocyte death was caused by Figure 1 . hLA-A2-mismatched donor-recipient pairs can be used to bypass MhC-restricted fratricide and tCr-mediated hematopoietic stem cell toxicity. In the setting of allogeneic hematopoietic stem cell transplantation (hsCt), two kinds of healthy individuals can be selected to serve as hLA-A*02:01-mismatched donors. unrelated donors who are hLA-A*02:01-negative but otherwise patient-matched can be used for hsCt and their peripheral blood lymphocytes (PBLs) can be subsequently modified with the hMMr-specific tCr for use in donor lymphocyte infusions (DLIs). Alternatively, hLA-haplotype-mismatched family members who are hLA-A*02:01-negative can be selected for use in hLA-A*02:01-positive acute myeloid leukemia (AML) patients. this therapy could provide three advantages for the patient: (1) a relatively rapid development of donor chimerism through the elimination of residual hsCs; (2) the elimination of leukemic stem cells (LsCs); and (3) the avoidance of graft-vs.-host disease (GvhD) in the presence of potent antitumor responses, through the use of low numbers of adoptively transferred cells expressing a high-avidity hMMr-specific tCr.
Importantly, low level antigen expression by HSCs and lymphocytes also needs to be considered in the selection of antigens employed for the development of anticancer vaccines, since the ultimate clinical efficacy of these interventions depends upon the generation of potent T-cell responses.
Does this mean that TCR specific for survivin and HMMR have no therapeutic use? Lymphocyte fratricide and HSC toxicity were strictly HLA-A2-restricted, implying that survivin-and HMMRspecific TCRs could be used in the setting of HLA-A2-mismatched transplantation, as illustrated in Figure 1 . In this context, TCR gene therapy may provide two major benefits: the elimination of residual HLA-A2 + patient-derived HSCs, leading to faster donor chimerism, and the elimination of residual tumor cells. The use of a reduced number of adoptively transferred cells may avoid graft-vs.-hostdisease (GvHD). This strategy relies on MHC-restriction to compensate for the detrimental expression of target antigens by lymphocytes and HSCs.
